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Acoustic and articulatory variability in /r/ 
ABSTRACT 
The purpose of this report is to test the hypothesis that speakers utilize an acoustic, 
rather than articulatory, planning space for speech production. It has been 
well-documented that many speakers of American English use different tongue 
configurations to produce /r/ in different phonetic contexts. The acoustic planning 
hypothesis suggests that although the lr/ configuration varies widely in different 
contexts, the primary acoustic cue for /r/, a dip in the F3 trajectory, will be less 
variable due to tradeoffs in articulatory variability, or trading relations, that help 
maintain a relatively constant F3 trajectory across phonetic contexts. Acoustic data 
and EMMA articulatory data from seven speakers producing /r/ in different pho-
netic contexts were analyzed. Visual inspection of the EMMA data at the point of 
F3 minimum revealed that each speaker appeared to use at least two of three trad-
ing relation strategies that would be expected to reduce F3 variability. Articulatory 
covariance measures confirmed that all seven speakers utilized a trading relation 
between tongue back height and tongue back horizontal position, six speakers uti-
lized a trading relation between tongue tip height and tongue back height, and the 
speaker who did not use this latter strategy instead utilized a trading relation 
between tongue tip height and tongue back horizontal position. Estimates of F3 
variability with and without the articulatory covariances indicated that F3 would 
be much higher for all speakers if the articulatory covariances were not utilized. 
These conclusions were further supported by a comparison of measured F3 vari-
ability to F3 variabilities estimated from the pellet data with and without articula-
tory covariances. In all subjects, the actual F3 variance was significantly lower 
than the F3 variance estimated without articulatory covariances, further supporting 
the conclusion that the articulatory trading relations were being used to reduce F3 
variability. Together, these results strongly suggest that the neural control mecha-
nisms underlying speech production make elegant use of trading relations between 
articulators to maintain a relatively invariant acoustic trace for /r/ across phonetic 
contexts. 
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1. Introduction 
The goals of speech movements have traditionally been assumed to involve target 
positions of articulators or target constrictions in the vocal tract. For example, the 
leading computational model of speech production for the past few years, the 
task-dynamic model of Saltzman and Munhall (1989), hypothesizes that the 
speech production process consists of achieving target constriction locations and 
degrees for each speech sound. This viewpoint has also influenced the fields of 
speech perception (including the motor theory of speech perception; Liberman et 
a!., 1967, Liberman and Mattingly, 1985) and phonology (including the linguistic 
gestural model ofBrowman and Goldstein, 1990a, 199Gb). 
However, some recent theoretical work has posited that the speech production pro-
cess utilizes only acoustic targets, rather than vocal tract constriction targets, at 
least for some sounds such as vowels and semivowels (e.g., Guenther, 1995; 
Guenther, Hampson and Johnson, 1997; Perkell eta!., 1993, 1994), and recent 
experimental work has provided some evidence for this claim (Perkell eta!., 1993, 
1994; Savariaux eta!, 1996). Unfortunately, however, the results of these studies 
have been mixed, as many of the subjects have not shown the patterns expected by 
the acoustic target theories. 
The purpose of this report is to test the hypothesis that speakers utilize an acoustic, 
rather than articulatory or vocal tract constriction, planning space for speech pro-
duction. It has been widely reported that many speakers of American English will 
utilize widely different tongue configurations when producing lrl (Delattre and 
Freeman, 1968; Espy-Wilson and Boyce, 1994; 1-Iagiwara, 1994, 1995; Narayan, 
Alwan, and Haker, 1995; Ong and Stone, 1997; Westbury, Hashi, and Lindstrom, 
1995), e.g. when /r/ is produced in different phonetic contexts. It has also been 
reported that the major acoustic cue for lr/, the F3 trajectory, follows a relatively 
stable time course when produced by the same subject in different phonetic con-
texts (Boyce and Espy-Wilson, 1997). The acoustic theory of speech motor plan-
ning outlined above suggests that the variability seen in the acoustic trace will be 
lower than expected from the articulatory traces considered independently because 
the motor system will utilize articulatory tradeoffs, or trading relations, to achieve 
the planned acoustic trajectory (see Perkell et a!., 1993; Guenther et a!, 1997). 
Constriction theories, on the other hand, predict that the articulatory variability 
seen for /r/ simply reflects a tendency to blend constriction gestures for neighbor-
ing phonemes and thus will not consistently show trading relations between con-
strictions that act to reduce acoustic variability. We investigate this issue in the 
current report. 
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2. Data Collection 
An electro-magnetic midsagittal articulometer (EMMA) system (Perkell et al., 
1992) was used to track the movements of six pellets attached to the tongue, lips, 
and lower incisor. The current study focuses primarily on the horizontal and verti-
cal positions of the three pellets attached to the tongue back, tongue middle, and 
tongue front. Seven subjects produced five or six repetitions of the carrier phrase 
"Say __ for me" for each of the five test words /warav/, /wagrav/, /wadrav/, 
/wavrav/, and /wabrav/, for a total of 25 or 30 utterances. Acoustic data were also 
collected during the experiment, and the trajectory of the third formant frequency 
(F3) was extracted from this data. The primary acoustic cue for American English 
/r/ is a dip in the F3 trajectory toward a very low F3 target (e.g., Delattre and Free-
man, 1969). The minimum F3 value during /r/ production served as a landmark for 
time-alignment of the acoustic data and corresponding articulatory data across 
utterances for each speaker. Starting from the F3 minimum, 75 msec of F3 values 
and pellet positions were extracted. These data correspond to the rising edge of the 
F3 "dip" that characterizes American English /r/. The falling edge of the F3 trajec-
tory was not analyzed due to the difficulty of tracking F3 during and shortly after 
consonantal closure in /Cr/ contexts. The extracted F3 traces for a few of the utter-
ances were unreliable, due largely to difficulties in automatically tracking low val-
ues of F3. Therefore, utterances whose F3 tracks jumped by more than 200 Hz in a 
3.2 ms time step were eliminated from the study. This amounted to a removal of 
approximately I to 10 utterances per subject. 
The height of the tongue front pellet corresponds roughly to the inverse of the size 
of the tongue front constriction, the horizontal position of the tongue back pellet 
corresponds roughly to the size of the phmyngea1 constriction at the back of the 
tongne, and the tongue back height pellet corresponds roughly to the inverse of the 
size of the velar constriction of the tongue back. Manipulations of the Maeda artic-
ulatory synthesizer (Maeda, 1990) indicated that, for tongue configurations near 
those used to produce /r/, decreases in the size of any of these three constrictions 
causes an increase in F3. That is, moving the back of the tongue further back 
decreases F3, increasing the height of the back of the tongue decreases F3, and 
moving the tongue tip upward decreases F3. 
June 30, 1997 4 
Acoustic and articulatory variability in /r/ 
3. Data Analysis 
3.1. Vocal tract configurations at the F3 minimum for /r/ 
Figures 1 through 7 show the positions of the six pellets at the point of F3 mini-
mum during /r/ in different phonetic contexts for the seven subjects. The lines in 
the figures connect the three tongue pellets for a given repetition. The top frame of 
each figure shows the pellet positions for all repetitions of all analyzed utterances. 
The bottom frame shows the positions during repetitions of two utterances that 
highlight the range of tongue configurations used by the particular subject. 
Visual inspection of these figures reveals several important observations. First, it 
is clear from the figures that the configuration used for /r/ production varies widely 
across subjects as well as across contexts within a subject. This is in keeping with 
previous reports of large articulatory variability during /r/ productions cited above. 
Second, six of the seven subjects (subjects CC, EA, GR, JN, MF, and TP) show a 
clear trend of pairing lower tongue front positions with higher tongue back posi-
tions. As mentioned above, raising of either the tongue front or tongue back will 
lead to a decrease in F3. Thus, the figures reveal that these subjects utilize a "trad-
ing relation" in which a relative decrease in F3 due to lower tongue front positions 
is compensated by a relative increase in F3 due to higher tongue back positions, 
thus presumably yielding a more constant value of F3 minimum across phonetic 
contexts. This observation will be further analyzed in Section 3.2. Third, the one 
subject that did not show a trading relation between tongue front height and tongue 
back height (subject JE) and the subject that showed the second-least amount of 
compensatory tradeoff (subject TP) both showed a tendency to move the tongue 
back further back in the vocal tract when using lower tongue front positions. 
Because tongue backing and tongue tip raising both act to decrease F3, this also 
constitutes a trading relation that aids in maintaining a relatively constant F3. 
Fourth, six of the seven subjects show a clear trend of pairing higher tongue back 
positions with more forward tongue back positions. Since tongue backing and 
tongue raising both act to lower F3, this constitutes another trading relation to 
maintain a relatively constant F3. (Although not clear from the figure, the seventh 
subject, TP, also followed this pattern, as evidenced by covariance measures; see 
Section 3.2.) It thus appears that each of the different subjects used two or more of 
three different "strategies" to help maintain a relatively constant F3 minimum for 
/r/ across contexts despite a large amount of variability in vocal tract shape: (I) a 
negative covariance between tongue front height and tongue back height, (2) a 
positive covariance between tongue front height and tongue back horizontal posi-
tion, and (3) a positive covariance between tongue back height and tongue back 
horizontal position. All seven subjects utilized the third strategy, and all subjects 
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FIGURE 1. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for 
subject CC. 
utilize one or the other of the first two strategies. One subject, TP, appears to uti-
lize all three strategies. It is interesting to note that subject TP uses each strategy to 
a lesser degree than the other subjects who use that strategy, suggesting that he 
relies on a combination of the three strategies to achieve roughly the same end that 
the other subjects achieve with greater use of just two strategies. Finally, system-
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FIGURE 2. Pellet configurations at the /r/ F3 minimum for all repretitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for subject 
EA. 
atic variation of lip aperture, which also affects F3, appears to occur across pho-
netic contexts in four subjects (CC, EA, JE, and MF). For subjects CC, JE, and 
MF, this variation cannot be explained as a simple result of different jaw heights 
since either: (i) the lower incisor position does not change appreciably (subjects 
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FIGURE 3. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for 
subject GR. 
JE, MF) or (ii) the upper lip contributes significantly to the lip aperture variation 
(subject CC). (Lower incisor information was not available for subject EA.) This 
suggests that these subjects further utilize lip aperture to maintain a more constant 
F3 minimum across contexts, but this hypothesis will not be thoroughly explored 
in this report. 
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FIGURE 4. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for 
subject JE. 
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FIGURE 5. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for 
subject JN. 
June 30, 1997 10 
Acoustic and <Uticulatorv variability in /r/ 
0.3 Subject MF 
0.2 
-0.1 
-0.2 
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 
0.3 Subject MF 
0.2 
-0.1 
-0.2 
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 
"warav"-
:wagrav: _._ 
wadrav ·•·-· 
"wavrav" -H-
"wabrav" -
' " 
•,'} .... x 
'$•_: 
0.1 
"wabrav" .......... 
. . 
wagrav -······ 
. . 
·. 
0.2 
0.1 0.2 
FIGURE 6. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) fot· 
subject MF. 
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FIGURE 7. Pellet configurations at the /r/ F3 minimum for all repetitions of all utterances 
(top) and a pair of utterances that reveal the range of configurations (bottom) for 
subject TP. 
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3.2. Covariance analysis and trading relations 
The three hypothesized strategies for maintaining a relatively constant F3 trace 
were further studied using covariance analyses. The following analyses were car-
ried out on the first ten time bins (3.2 ms per time bin, for a total of 32 ms) of data 
following the F3 minimum. A covariance analysis was carried out separately for 
each time bin of time-aligned data for each subject. In a given bin for a given sub-
ject, the covariances between pairs of pellet positions across utterances were calcu-
lated. The covariance measures corresponding to the three hypothesized trading 
relations are shown in Figures 8 through I 0. 
The results in Figure 8 indicate that all seven subjects utilized a trading relation 
between tongue back horizontal position and tongue back height, evidenced by a 
positive covariance between these articulatory parameters. Figure 9 shows that a 
negative covariance is found between tongue back height and tongue front height 
in all time bins for five of the seven subjects, and in nine out of ten time bins for a 
sixth subject. This negative covariance constitutes a trading relation that acts to 
maintain a relatively constant F3 trajectory across utterances. One subject, IE, did 
not make use of this trading relation. However, Figure 10 shows that JE utilized a 
trading relation between tongue back horizontal position and tongue front height, 
evidenced by a strong positive covariance between these articulatory parameters. 
Subject TP, who showed very little use of the tongue back height/tongue front 
height trading relation, also made use of the tongue back horizontal posi-
tion/tongue front height trading relation, while the other subjects did n·ot. 
In summary, these covariance analyses verify that every subject utilized at least 
two of the three hypothesized trading relations. The one subject who did not utilize 
strategy 2 (subject JE) apparently compensated for this by using strategy 3 to a 
greater degree than any other subject. Subject TP, who was the only subject who 
utilized all three strategies, used each of them to a lesser degree than any other sub-
ject that used that strategy. This is consistent with the interpretation that this sub-
ject achieved roughly the same amount of compensation as the other subjects by 
using all three strategies to a lesser degree instead of using only two strategies. 
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Covariance Between Tongue Back Horizontal Position and Tongue Back Height 
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TIME BIN 
FIGURE 8. Covariance of tongue back height and tongue back horizontal position as a 
function of time bin (starting at the F3 minimum) for the seven subjects. A positive 
covariance is found in all time bins for every subject. This positive covariance constitutes a 
trading relation between tongue back height and tongue back horizontal position that acts to 
maintain a relatively constant F3 trajectory across utterances. 
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Covariance Between Tongue Back Height and Tongue Front Height 
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FIGURE 9. Covariance of tongue back height and tongue front height as a function of time 
bin for the seven subjects. A negative covariance is found in all time bins for five of the seven 
subjects, and in nine out of ten time bins for a sixth subject. This negative covariance 
constitutes a trading relation between tongue back height and tongue front height that acts 
to maintain a relatively constant F3 trajectory across utterances. One subject, JE, did not 
make use of this trading relation. 
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Covariance Between Tongue Back Horizontal Position and Tongue Front Height 
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FIGURE 10. Coval'iance of tongue back horizontal position and tongue front height as a 
function of time bin (starting at the F3 minimum) for the seven subject.;;. A strong positive 
covariance, indicating a trading relation between tongue back horizontal position and 
tongue front height to decrease F3 variation, was found for subject JE, who was the only 
subject that did not make use of a trading relation between tongue back height and tongue 
front height (see Figure 9). Subject TP, who showed very little use of the tongue back 
height/tongue front height trading relation, also made use of the tongue back horizontal 
position/tongue front height trading relation, while the other subjects did not. 
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3.3. Analysis of F3 variability 
The covariance analyses in the last section verify that all subjects utilized at least 
two of three trading relationships between articulators identified in Section 3.1. 
The results also suggest a pattern wherein a subject who does not strongly use one 
of the strategies will rely more heavily on another strategy. However, it is still pos-
sible that the covariations that violate the hypothesized trading relationships (i.e., 
the one positive covariance trace seen in Figure 9 and the five negative covariance 
traces in Figure 1 0) might nullify any reductions in F3 variability that occur due to 
the use of trading relations. That is, the net effect of the covariances shown in 
Figures 8-10 could still be an increase in F3 variance rather than a decrease. To 
investigate this possibility, we performed further variance analyses utilizing nor-
malized versions of the pellet data. The normalization process was carried out to 
allow direct comparisons of articulatory variability and acoustic variability. 
The two main approximations that underly the following analysis are: (i) F3 is lin-
early related to the three articulatory parameters (tongue back height, tongue back 
horizontal position, and tongue front height), and (ii) equal sized changes in these 
parameters have roughly equal effects on F3. That is, 
(1) 
(2) 
where F3 is the value of the third formant frequency in Hertz, p 1 is the horizontal 
position of the tongue back pellet in decimeters ( dm), p 2 is the height of the 
tongue back pellet, p3 is the height of the tongue front pellet, A is a constant 
whose units are Hz/dm, and B is a constant whose units are Hz. (The tongue back 
height and tongue front height terms are negative because increases in these 
parameters cause decreases in F3.) The value of the constant A for a particular sub-
ject can be estimated from a time window (t0, t0 + T) of time-aligned data usmg 
the following equations: 
RF3 = F3(t0 + T)- F3(t0 ) (4) 
where RF3 and Ranic represent the range of F3 and the articulator parameters, 
respectively, over the time window, and the overbars represent values averaged 
Juoe30, 1997 17 
Acoustic and articulatory variability in /r/ 
across all utterances for a subject. This estimation process insures that Equation 2 
is satisfied for each subject over the chosen time window for the mean values of F3 
and the pellet positions. In the following analysis, values of R F3 and Ranic where 
determined using a time window of 75 ms starting from the F3 minimum for /r/. 
We next define a set of nonnalized variables as follows: 
z = F3(t)IRF3 (6) 
(7) 
Equation I can now be rewritten in terms of the normalized variables: 
(8) 
Let Z be a random variable denoting the normalized F3 value estimated from artic-
ulatory pellet positions in a particular time bin for a particular speaker, and let 
{X;}, i = 1, 2, 3, be a set of random variables that denote the three normalized 
articulator parameters measured in that time bin. From Equation 8 we have: 
(9) 
Taking the variance of both sides of this equation yields the following equation 
relating estimated normalized F3 variance to the normalized articulator parameter 
variances and covariances: 
Var(Z) = Var(X 1) + Var(X2 ) + Var(X 3)- 2Cov(X 1, X 2) 
- 2Cov(X 1, X 3) + 2Cov(X2, X 3) (lO) 
The term (BI RF3) in Equation 9 is a constant and therefore drops out of the vari-
ance measure in Equation I 0. 
If the articulators did not covary (i.e., if the X; were independent), then the vari-
ance equation would reduce to: 
(11) 
We are interested in whether this latter estimate of normalized F3 variance is con-
sistently higher than the estimate that incorporates the articulator covariances 
(Equation 10). If tme, this implies that the net effect of the articulatory covariances 
is to reduce F3 variance, indicating the successful use of articulatory trading rela-
tions to decrease acoustic variation. As further evidence, as well as a check of the 
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validity of the approximations that lead to this conclusion, we are also interested in 
how the measured F3 variability compares to the values estimated from the articu-
lator variabilities using Equations l 0 and 11. 
Figures ll through 17 .show the measured F3 variances and the F3 variances esti-
mated from pellet positions using Equations 10 and 11 as a function of time bin for 
each speaker. Two primary results of interest are evident from these figures. First, 
in all time bins for all speakers, the estimated F3 variances are higher when the 
covariance tenus are not included in the estimate. This indicates that, according to 
our assumptions regarding the effects of pellet positions on F3, the net effect of the 
articulatory covariances discussed in Section 3.2 is a substantial decrease in F3 
variability during /r/ production. This strongly suggests that the neural mecha-
nisms controlling speech production make use of the trading relations noted above 
to maintain a relatively constant acoustic trace for /r/ across phonetic contexts 
despite large amounts of variability in the positions of individual articulators. This 
main result also held for further analyses (not described here) that utilized many 
different normalization techniques and assumptions regarding the effects of pellet 
positions on F3, attesting to the robustness of this result. 
Second, in all time bins for all speakers, the estimated F3 variabilities including 
the covariance terms matched the actual F3 variabilities better than the estimate 
that did not incorporate articulatory covariances. In four of the subjects (EA, GR, 
MF, and TP), the estimated F3 variabilities using Equation 10 were quite close to 
the measured F3 variabilities, attesting to the validity of the assumptions used to 
derive this equation. In the remaining subjects, F3 variability was always lower 
than the estimated F3 variability, suggesting that additional trading relations not 
captured by the current analysis may have further acted to reduce F3 variability. 
4. Discussion 
The analyses described in this report paint a clear picture of the speech motor con-
trol system elegantly utilizing tradeoffs between different contriction locations and 
degrees to achieve a relatively invariant acoustic end while allowing a large 
amount of coarticulatory variation in the positions of individual articulators. When 
/r/ follows /g/, for example, most speakers will use a relatively tight velar constric-
tion to produce /r/, presumably since the tongue back is already quite high in the 
velar region because of the /g/, making this the easiest movement that achieves the 
low F3 for /r/. In contrast, when /r/ follows /d/, the easiest movement that achieves 
/r/ is to use a tight tongue tip constriction since the tongue tip is already high for 
the /d/, and most speakers indeed utilize a tighter tongue tip constriction rather 
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FIGURE 11. Comparison of estimated and measured F3 variances for subject CC. The top 
curve (denoted by square data points) is the value of 1~'3 estimated from pellet positions 
when articulatory covariances arc not included (Equation 11). The middle curve (denoted 
by vertical line segment data points) corresponds to estimated F3 variances when the 
articulatory covariances are included (Equation 10). The bottom curve Jdenoted by 
diamond~shaped data points) corresponds to measured F3 variances derived from the 
acoustic signal. For subject CC and all other subjects, addition of the articulatory 
covariances reduced the estimated F3 variance significantly, and the estimated F3 including 
articulatory covariances provided a better match to the measured F3 variances than did the 
estimate that did not incorporate articulatory covariances. These results provide further 
support for the conclusion that trading relations between articulators are utilized to 
decrease acoustic variability in /r/ across phonetic contexts. 
than tongue back constriction in /d/ contexts. This pattern for /r/ was predicted by 
the DIVA model of speech production (Guenther eta!., 1997) and provides strong 
evidence for acoustic theories of speech movement planning (Perkell eta!., 1993; 
Guenther, 1995; Guenther eta!., 1997). 
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FIGURE 12. Estimated and measured F3 variances for Subject EA. See caption of Figure 11 
for details. 
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FIGURE 13. Estimated and measured F3 variances for Subject GR. See caption of 
Figure 11 for details. 
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FIGURE 14. Estimated and measured F3 variances for Subject JE. See caption of Figure 11 
for details. 
June 30, 1997 23 
Acoustic and articulatory variability in /r/ 
0.8 
0.6 
0.4 
0.2 
Subject JN 
"f3.vars"-
.. tbx+tby+t ty. vars .. _,__ 
"tbx+tby+tty.ind.vars" ,, ... 
...... 
!--·--~ .. ~·--------··--~-~-·-----! 
oL=~==~=z==============~=d 
1 2 3 4 5 6 7 8 9 10 
TIME BIN 
FIGURE IS. Estimated and measured F3 variances for Subject JN. Sec caption of Figure 11 
for details. 
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FIGURE 16. Estimated and measured F3 variances for Subject MF. See caption of 
Figure 11 for details. 
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FIGURE 17. Estimated and measured F3 variances for Subject TP. See caption of Figure 11 
for details. 
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